Additionally, small seeds are likely to have greater dispersal capacity than large seeds and may be more eXective at colonizing gaps in existing vegetation (Baker, 1972; Rabinowitz, 1978; Silvertown, 1981 Gross and Werner 1982) . They also may be less susceptible to seed predation (Smith, 1974) .
In this study variation in seed weight within and between individuals of Pastinaca sativa L. (Umbelliferae) and the potential effiect this variation has on germination under laboratory and field conditions are investigated. The study was initiated because in large individuals of P. sativa (basal stem diameter [BSD] of the flowering stalk > 12 mm) destruction of the primary (first) inflorescence by Depressaria pastinacella (Duponchel) (Lepidoptera: Oecophoridae) leads to increased seed set on tertiary inflorescences produced later in the growingseason (Hendrix,1979) .Althoughtotalseed number does not diffier between damaged and undamaged plants, seeds from tertiary inflorescences generally weigh less than the seeds they replace (Hendrix, 1979) . Therefore, an analysis of the eXects of herbivory on fitness in P. sativa must take into account potential diffierences in germination due to diffierences in seed weight.
[Vol. 7 1 796 AMERICAN JOURNAL OF BOTANY The specific questions addressed are: 1) What is the variation in seed weight within and between plants? 2) Does seed size vary with plant size? And 3) Does the rate and/or overall germination of seeds from diXerence inflorescences (primary, secondary, and tertiary) diffier under autumn and spring germination conditions?
MATERIALS AND METHODS-Natural history of P. sativa-Pastinaca sativa is a facultative biennial common in old fields, roadsides, and woodland edges in North America (Gleason, 1952) . After a rosette stage, plants produce an erect, leafy stem terminating in the primary umbel (Thompson and Price, 1977) . Lateral shoots terminating in secondary umbels are produced from the leaf axils of the main stem. Secondary shoots give rise to tertiary umbels and, in some cases, quaternary umbels develop on tertiary shoots (Hendrix, 1979) . Secondary umbels mature about 10-14 days after the primary umbel and tertiary umbels mature about 10-14 days after secondary umbels. Each hermaphroditic flower produces two one-seeded mericarps commonly referred to as seeds. In Iowa, flowering begins in May and seeds are dispersed from August to October. Seeds germinate in both autumn and spring (Baskin and Baskin, 1979 L a b o r a t o r y g e r m i n a t i o n t e s t s-M a t u r e s e e d s from ten large individuals of P. sativa (BSD > 12 mm) were collected in late July 1981 from the same population as seeds used in the analysis of variation in seed weight. Large plants were chosen for the germination studies because these plants show the increase in tertiary seed set following herbivory on the primary umbel and because only large plants produce sufficient number of seeds for the experimental design used. Ten seeds from each of the three umbel orders of each plant were weighed to the nearest 0.1 mg. The range of seed weights was 2.2 to 6.0 mg; this is nearly the full range of seed weights for plants of all sizes (see results). Preliminary germination tests in both the laboratory and field indicate that germination of secondary and tertiary seeds from damaged and undamaged large plants is statistically identical (Hendrix, unpubl. data). After collection, seeds were allowed to after-ripen in dry storage for 60 days. Freshly matured seeds were not tested because they have poor germination (Baskin and Baskin, 1979) .
Prior to the germination tests, some of the after-ripened seeds were subjected to an additional treatment. In this treatment see-ds were allowed to imbibe water for 72 hr and were then cold treated in the dark at 5 C for 30 days. This treatment was designed to approximate the cumulative conditions seeds would experience following dispersal in the autumn and subsequent overwintering.
Germination tests of after-ripened and afterripened and cold treated seeds from each of the three umbel orders of the ten plants were conducted in triplicate. Sample size was 50 seeds per dish. Total sample size for each treatment was 4,500 seeds. Seeds were dusted with a fungicide and placed on two layers of moistened filter paper in 9-cm dishes. Dishes were sealed with Mylarplastic. Waterwas added every three days. All germination tests were conducted at 25 C/15 C (16:8 hr) with a 16-hr photoperiod. The light sources were cool fluorescent and incandescent light. Light intensity at seed level was c. 3,000 lux. Seed germination was determined at weekly intervals for 17 wk; protrusion of the radicle was the criterion for germination.
Following completion of the seed germination tests, seeds not filled with endosperm or attacked by an unidentified seed chalcid (Hymenoptera: Chalcidae) were removed. About 25% of all seeds were not filled with endosperm and 1% of all seeds were attacked by the chalcid. Seeds falling into these two categories were deleted from the total number of seeds per dish prior to statistical analysis. The remaining ungerminated seeds were tested for viability by staining with tetrazolium chloride (Moore, 1 972).
The nested analysis of variance (ANOVA) (Sokal and Rohlf, 1969) was used in all com- RESULTS-Seed weight-Variation in seed weight between plants is positively correlated with plant size (primary seeds, ts-2.78, P < 0.02; secondary and tertiary seeds, ts= 2.68 and 2.42, respectively, P < 0.05) (Fig. 1) . The larger the plant (as measured by BSD of the flowering stalk), the heavier the seeds produced. Primary seeds weigh from 3-6 mg, secondary seedsweigh from 1.5-4 mg, andtertiary seeds weigh from 1-2.5 mg. Primary seeds from a small plant (BSD = 8 mm) weigh about the same as tertiary seeds from a large plant (BSD = 23 mm). The overall variation in seed weight between plants is about sixfold if tertiary seeds from a small plant are compared with primary seeds from a large plant. The number of days needed to attain 50% of final germination diffiered between treatments (Table 1) . After-ripened seeds from all umbels required 26-40 days to reach 50% germination. Secondary and tertiary seeds required significantly fewer days to reach 50% germination than did primary seeds (Duncan multiple range test followlng nested ANOVA, P < 0.05). After-ripened and cold treated seeds required about 15 days to reach 50% germination and seeds from different umbels did not diXer significantly (Duncan multiple range test following nested ANOVA, P > 0.05).
The two-way analysis of variance of final (Fig. 2) seeds from all umbels began to germinate after one week but from wk 2-5 the proportion of seeds from terffary umbels which had germinated was significantly greater than the proportion of seeds from primary umbels which had germinated (Duncan multiple range test following nested ANVOVA, all P values < 0.05). Germination of seeds from secondary umbels was intermediate during this time span and was not significantly diffierent from the germination of either primary or tertiary seeds. From wk 6-17 the proportion of seeds germinated from diffierent umbels did not diXer. At the termination of the experiment about 68% of the primary seeds had germinated and about 69% of the secondary and tertiary seeds had germinated. About 25% ofthe ungerminated seeds (7.5% of all seeds) were still viable at the conclusion of the experiment. Diffierent umbel orders did not diXer significantly with respect to this characteristic (ANOVA, F-0.18, P> 0.75). Following the after-ripening and cold treatments (Fig. 3) , seeds from all umbel orders began to germinate between the first and second week and by wk 5 nearly all seeds that were going to germinate had done so. From wk 3-17 the proportion of tertiary seeds germinated was significantly less than the proportion of primary and secondary seeds which had germinated (Duncan multiple range test following nested ANOVA, all P values < 0.05). At the termination of the experiment about 83% of the primary seeds, 81% ofthe secondary seeds, and 72% of the tertiary seeds had germinated. (Table 2) indicates that for primary and secondary seeds but not tertiary seeds there is significant variation in the proportion of seeds germinated due to treatment with significantly more primary and secondary seeds germinating following the after-ripening and cold treatment (Duncan multiple range test following ANOVA, P < 0.05). All umbel categories show significant variation between plants and there is significant plant-treatment interaction.
Field germination tests-In the field, germination of seeds from primary umbels was far greater than germination of seeds from either secondary or tertiary umbels (Fig. 4) . Of all seeds which germinated 44%, 27%, and 28% were from primary, secondary, and tertiary umbels, respectively. Absolute germination of seeds from primary, secondary, and tertiary umbels was 1 7.8%j 10.7%, and 11 .4%, respectively.
Germination of seeds occurred mainly in the spring. During autumn about 1.3% of all seeds sown germinated and during the spring about 12.1% of all seeds germinated. Of all seeds germinatingduringautumn 35%, 20%, and45% came from primary, secondary, and tertiary umbels, respectively. Overwintering success of seeds germinating in autumn was 53.7%. Of the seeds germinating in the spring, 45%, 29%, and 26% were from primary, secondary, and tertiary umbels, respectively. These secondary chemicals act as seed germination inhibitors and must be leached out before germination can occur (Berenbaum, 1980) . Under laboratory conditions, autumn germination of seeds from diffierent umbels did not diffier. Under field conditions germination of seeds from diffierent umbels diffiered greatly, but this may have been due to the small sample size.
The results of the laboratory germination of after-ripened seeds following the simulation of overwintering indicate that this treatment differentially affiected germination of seeds from diffierent umbel orders. Both primary and secondary seeds but not tertiary seeds show increased germination (about 10%) relative to seeds from the same plants and umbels receiving only the after-ripening treatment. These diffierences are not related to the inability of tertiary seeds to successfully survive the cold treatment since the proportion of ungerminated seeds still viable at the conclusion of the experiment was similar for all umbels. The results of the field germination tests are similar to those of the laboratory tests except that secondary seeds as well as tertiary seeds showed low levels of germination relative to primary seeds. The cause(s) of these diffierences in germination of seeds from diffierent umbel orders following simulated or natural overwintering is not known but might involve hormonal balances (Evenari, 1965) , utilization of endosperm (Stokes, 1965) , or changes in the balance between germination promotors and inhibitors (Mayer and Poljako-Mayber, 1982). The decrease in germination of seeds from secondary umbels in the field experiments but not laboratory experiments suggests diffierences between simulated and natural overwintering, although the nature of these diffierences is not known.
The cold treatment of seeds from diffierent umbels in the laboratory experiments had the additional effiect of decreasing the number of days to 50% germination and shortening the time span needed for maximum germination. This effiect of a cold treatment on days to 50% germination has not been previously reported for P. sativa, although it occurs in other species (Stokes, 1965) .
A major diffierence between the laboratory and field studies of germination is that overall levels of germination in the field were much less than those in the laboratory. While part of the low field germination is likely due to the fact that a certain proportion of the seeds sown lacked embryos andYor endosperm (these could not be distinguished prior to sowing), other factors may be involved. Soil temperatures in Iowa during winter are often as low as-5 C during January and February; laboratory cold treatment of seeds at the same temperature for 30 days reduces subsequent germination to levels similar to that found in these field studies (Hendrix, unpubl. results). Also, seeds in the field may be more susceptible to fungal attack. It is possible that some of the ungerminated seeds would not have germinated until the next growing season, although carry-over germination in field experiments currently underway have been less than 10% of total germination (Hendrix, unpubl. results).
The results of the two-way ANOVA (Table  2) demonstrate that for all umbel orders there is significant variation between plants in final germination and significant variation due to the interactions of plants with treatment. The variation due to plants indicates that some individuals are more likely to leave successful offispring than others. The diffierences in the reaction of plants to different environmental conditions suggest that there is strong selection pressure for variation rather than uniformity in germination requirements within populations of P. sativa. This is not surprising considering that P. sativa is a mid-successional species capable of longterm occupation of habitats which change substantially over time. Differences within and between individual plants in either rate or overall amount of germination have been found in Rumex crispus, R. obtusifolius, and Daucus carota (Cavers and Harper, 1966; Hawthorn, Toole and Toole, 1962). Such differences may be common and whenever possible, seed germination studies should take into account potential differences between individual plants (Salisbury, 1965; Cavers and Harper, 1966) .
The results of this study suggest that herbivore destruction of the primary umbel in large individuals of P. sativa by D. pastinacella reduces the fitness of these plants despite the fact that tertiary seed production increases and seed number itself is not reduced. In autumn, primary and tertiary seeds are at least ecologically equivalent and tertiary seeds may actually have a competitive advantage due to their more rapid germination. However, the majority of germination occurs during the spring when tertiary seed germination is lower than that of primary seeds. Therefore, overall recruitment from small seeds is likely to be less than that from large seeds.
